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A SUMMARY OF URBAN RUNOFF STUDIES IN THE
DENVER METROPOLITAN AREA, COLORADO

by Sherman R. El11is and Martha H. Mustard

ABSTRACT

The Denver metropolitan area has been the subject of urban runoff studies
for several years. The first studies, started in about 1968, usually were
concerned only with the quantity of urban runoff. 1In 1974, studies were begun
that included both quantity and quality of urban runoff. In 1979, Denver was
selected as one of the cities to be included in the Nationwide Urban Runoff
Program. The Denver study was called the Denver Regional Urban Runoff Program
and was a cooperative study between the Denver Regional Council of Governments
and the U.S. Geological Survey.

This report presents the major conclusions of the pre-Denver Regional
Urban Runoff Program studies and a summary of the various elements of the
Denver Regional Urban Runoff Program. The report summarizes and references
urban runoff studies in the Denver metropolitan area and is a guide for
planners and other persons interested in urban runoff.

INTRODUCTION

The Denver metropolitan area has been the subject of urban runoff studies
for several years. The lead local agencies have been the Denver Regional
Council of Governments (DRCOG) and the Urban Drainage and Flood Control
District (UDFCD). The city of Northglenn and the Denver Water Board have also
participated in the study of urban runoff. The Denver area was selected in
1979 as one of the cities to be included in the Nationwide Urban Runoff
Program (NURP), a program sponsored by the U.S. Environmental Protection
Agency (EPA) and the U.S. Geological Survey. DRCOG was selected by EPA as the
lead agency in the NURP study. The NURP study in the Denver metropolitan area
was the Denver Regional Urban Runoff Program (DRURP) and was a cooperative
study between DRCOG and the U.S. Geological Survey, with several Tlocal
agencies performing assigned tasks under the direction of DRCOG.



The primary objective of the DRURP study was to develop a better
understanding of the urban runoff processes in the semiarid West. The goals
of the study were:

1. Characterization of urban runoff loadings by land use;
2. Definition of the sources of diffuse urban runoff;

3. Determination of the effects of urban runoff on the South Platte
River, the major receiving water for urban runoff in the Denver
metropolitan area;

4. Investigation of the opportunities for control of urban runoff
loadings using best management practices (BMP's);

5. Evaluation of the receiving water-quality benefits from reduction
of urban runoff Toads;

6. Determination of appropriate semiarid, dry-weather constituent
accumulation rates on impervious surfaces suitable for use in
urban runoff quality models; and

7. Evaluation of the effectiveness of various local government
institutional frameworks for the implementation of the urban
runoff BMP's.

The Geological Survey was responsible for the studies for goals 1, 2, and 6.
The goals of the DRURP assigned to the Survey were expanded and specific
objectives were established for each goal. Once specific objectives were
established, a work plan was developed to describe the work elements.

Seven basins were instrumented to monitor vrainfall, runoff, and
atmospheric deposition and to collect urban runoff water-quality samples.
The data collected at these basins were used to characterize runoff loads of
constituents by land use. Two basins were characterized by single-family
housing, two by multifamily housing, and one each by commercial and
multifamily housing, a shopping center, and a natural pastureland. The urban
runoff data from these basins were used to identify the specific land surface
sources of runoff Tloads.

Two detention ponds were monitored for inflow and outflow water quantity
and quality to determine the effectiveness of the ponds in reducing the
runoff Tloads of selected constituents. The detention ponds were Tocated
downstream from two of the monitored basins, one a single-family housing and
the other a basin containing commercial development. The detention basin
located downstream from the single-family basin did not pool water during the
study period; consequently, only one detention basin was studied.

Accumulation rates of selected constituents on impervious surfaces are
important variables in describing the processes of urban runoff. Two urban
runoff models, a quantity and a quality model, were calibrated and verified on
selected basins in the Denver area, providing an estimate of both accumulation
and washoff rates of the selected constituents. The models also provided
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Table 4.--Synthetic organic compounds produced by industrial sources and

detected in samples collected from small basins

Synthetic organic compound

Basin

6-Methoxy-N,N'-bis{1-methylethyl)
-1,3,5-triazine-2,4-dione

4-Propoxyphenol
Methylheptanol

3-Methy1-2-cyclohexene-1-one

1-(2-Butoxyethoxy) ethanol

2,2,4-Trimethy1-1,3-pentanediol
Tributylphosphate

9,10-Anthracenedione or 9,10-Phenanthrenedione
2,4-Dichlorophenoxyacetic acid (2,4-D)

(1,1' biphenyl)-carboxaldehyde

Unidentified substituted alkyl hydrocarbon #1

Unidentified substituted alkyl hydrocarbon #2

Unidentified substituted alkyl hydrocarbon oil

Unidentified substituted polycyclic aromatic

2,/2-(2-Butoxyethoxy) ethoxy/ethanol

Villa Italia
Southglenn

Villa Italia
Villa Italia
North Avenue

Southglenn

Southglenn
North Avenue

North Avenue
North Avenue
Southglenn
Southglenn
Southglenn
Villa Italia
North Avenue
Southglenn
Villa Italia

North Avenue
Southglenn

Villa Italia

Southglenn

18



The report by Gibbs and Doerfer (1982) presented data collected from the
DRURP study from September 1980 through September 1981. The data included
quantity and quality of snowmelt runoff, rainfall-runoff from the nine urban
runoff sites, urban storm runoff from six major tributaries and four main-stem
sites of the South Platte River, and precipitation. Data from two rainfall
simulation studies on a street (North Avenue on the Denver Federal Center) and
a natural site (Rooney Ranch) also were presented. Analytical methods,
detection Timits, and information on the accuracy of the water-quality data
were also presented. The basin data needed to apply DRsM-II to the natural
basin at Rooney Gulch were presented as well as an aerial photograph showing
the basin, subcatchments, Tocation of rain gages, and monitoring site.

DR3M-I1 was calibrated and verified on five urban basins and the results
were reported by Lindner-Lunsford and El1lis (1984). The basins were North
Avenue, Southglenn, Cherry Knolls, Northglenn, and Villa Italia. The average
accuracy of the model for prediction of peak flows and runoff volumes was
about 15 percent for storms having runoff volumes of more than 0.01 inch and
rainfall intensities of less than 1 inch per hour. In addition, DRszM-QUAL
(Alley and Smith, 1982b), a multievent urban runoff-quality model, was cali-
brated and verified on four of these basins. Southglenn basin did not have
sufficient data to apply DRsM-QUAL. DR3;M-QUAL was found to be most useful in
the prediction of seasonal loads of constituents in the runoff resulting from
rainfall. The model was found to be not very accurate (at times, the error of
estimation exceeded 200 percent) in the prediction of individual runoff
constituent loads.

On August 14, 1980, an intense convective storm occurred over the Denver
metropolitan area. Urban runoff from this storm was monitored for both
quantity and quality at three sites on the South Platte River and at one site
on each of six major tributaries to the river. The effect of this storm was
reported by Blakely and others (1983). Tributary basins were analyzed and
total areas, Tland use, and effective impervious areas were determined for
comparison with storm-runoff loads. The total measured rainfall ranged from
0.00 to 1.41 inches 1in various sections of the basin. The maximum 5-minute
rainfall measured was 0.37 inch. Basin rainfall totals were determined by
use of radar reflectivity, which was correlated with rain-gage data. The
report indicated that rain-gage data alone are not sufficient to obtain
average basin rainfall for Targe drainage basins during this type of intense
storm in the Denver area, but the basin rainfall may be more accurately
determined by use of both rain-gage and radar-reflectivity data.

Blakely and others (1983) also reported that the storm runoff to the
South Platte River increased the volume of flow to nearly three times the base
flow. The increase in the main-stem storm-runoff Toads ranged from 2.6 times
the base-flow load (total orthophosphate) to nearly 30 times the base-flow
load (total suspended solids). The event mean concentrations of copper, lead,
manganese, and zinc exceeded the 1979 water-quality standards (Colorado Water
Quality Control Commission, Colorado Department of Health, 1979) for aquatic
life in Colorado at several monitoring sites. Further analysis of the
storm-runoff load data indicated that a significant part of the main-stem
storm-runoff loads may be resuspended bottom material.
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Two rainfall-simulation studies were performed on nine 1,000-square-foot
impervious plots and two 400-square-foot native pastureland plots. The
procedures and results were reported by Mustard and others (1985). The
objectives of the first study were to compare the quantity and quality of two
different intensities of vrainfall on impervious plots with identical
antecedent conditions, to document a first flush of constituent loads from the
impervious plots, to compare runoff constituent 7loads with constituent
deposition, to develop regression equations predicting constituent Tloads in
the runoff, and to compare the runoff characteristics from a street surface
with those from an adjacent 69-acre urban basin. The objectives of the second
study were to determine infiltration rates at the native pastureland sites and
to compare quantity of runoff from the 400-square-foot plots and an adjacent
405-acre basin of native grass.

The rainfall-simulation report concluded that the higher intensity
simulated rainfall had a higher percentage of rainfall that ran off than the
lower intensity rainfall. A first flush of constituent 1loads occurred for
most constituents on the small plots; however, a first flush did not occur in
the runoff from simulated rainfall on the native grass sites. A first flush
was not common in the 639-acre urban basin. The event mean concentrations in
the runoff from the street plots generally were smaller than those from the
adjacent urban basin. The washoff loads of most constituents from the street
plots generally were smaller than the constituent deposition measured by
street vacuuming. It was not statistically valid to develop regression
equations for constituent loads as a function of total rainfaill, intensity of
rainfall, and days since street vacuuming. The runoff-to-rainfall ratios for
the native-grass sites were within the range of ratios measured from the
natural storms occurring in the adjacent 405-acre basin of native grass.

E11is and others (1983) reported that a small urban drainage basin has
undergone several changes from 1977 to 1980; the major changes were a
reduction in size from 76.7 acres in 1977 to 68.7 acres in 1980 and an
increase 1in effective impervious area from 29 percent to 50 percent. Two
methods were used to determine the effects of these basin changes on the storm
runoff. First, runoff from two storms in 1977 was compared with runoff from
two similar storms in 1980. Second, the results of rainfall-runoff simulation
using the U.S. Environmental Protection Agency's Storm Water Management Model
IT (SWMM-II) (Huber and others, 1975) were calibrated for 1977 and 1980
conditions. Both methods indicated larger runoff volumes in 1980 than in
1977.

The effects of basin changes on the quality of storm runoff were
determined by comparing storm and runoff loads from two storms in 1977 with
storm and runoff loads from two similar storms in 1980. Also, flow-weighted
mean concentrations of selected constituents from 1976-77 were compared with
those from 1980. The loads and mean concentrations of total lead, total zinc,
total orthophosphate, and total suspended solids decreased, while the loads
and mean concentrations of total nitrogen increased. The effect of
urbanization on the quantity and quality of urban storm runoff was published
in the proceedings of the International Symposium on Urban Runoff (E11is and
others, 1983).
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E1T1is and others (1984) presented data and regression analysis, appli-
cation and comparison of deterministic and regression models, and the effects
of urban runoff on the South Platte River 1in the Denver metropolitan area.
The major topics of the report included analysis of the small basin data,
regression analysis to estimate storm-runoff volumes and loads of selected
water-quality constituents, comparison of the mean seasonal storm-runoff
volumes and constituent loads estimated by deterministic and regression
models, and three ways to describe the effects of urban runoff on the South
Platte River.

The section on data analysis of the small basins presented a summary of
all data collected at the sites, including the maximum, minimum, and mean
values of rainfall, storm-runoff volumes, constituent Tloads and concen-
trations, and runoff-rainfall ratios. The section contained a summary of the
atmospheric deposition data, including an estimation of the deposition that
fell on the effective impervious areas of the basin from April 1 through
September 30, 1981.

The data analysis section reported the findings of three special studies
to: (1) Determine the impervious retention for each basin, (2) determine if a
single flow-weighted composite water-quality sample can be adequately used to
determine constituent storm Tloads, and (3) determine during which phase,
dissolved or suspended, selected constituents occurred in urban runoff.

Impervious retention values obtained for the basins from regression
analysis were as follows: North Avenue, 0.03 inch; Southglenn, 0.03 inch;
Villa Italia, 0.04 inch; Northglenn, 0.05 inch; and Asbury Park and Cherry
Knolls, 0.13 inch. Regression analyses were made using the combined data from
all the basins. The impervious retention for the combined basins was 0.09
inch. Impervious retention may be used in the estimation of runoff from
unmonitored basins.

A special study was performed to determine if storm constituent Toads
could be adequately measured using one flow-weighted composite sample and the
volume of runoff. Discrete water-quality samples and flow-weighted composite
samples were analyzed for 16 storms, and the results from the constituent
loads calculation using the discrete- and composite-sample techniques were
compared. The composite-sample technique produced results not significantly
different from the discrete-sample technique, but the composite-sample loads
averaged about 7 percent smaller than the discrete-sample loads.

The results of analysis of 68 samples for dissolved and total concentra-
tions concluded that most trace elements were predominantly in the suspended
phase. The average percent of the constituents that were in the suspended
phase were: cadmium, 61 percent; copper, 58 percent; iron, 98 percent; lead,
94 percent; manganese, 74 percent; and zinc, 77 percent.

The data from six small and five tributary basins were analyzed using
regression techniques. Two sets of regression equations were developed to
predict storm-runoff volume and runoff Toads of total suspended solids,
chemical oxygen demand, total nitrogen, total phosphorus, total lead, total
zinc, and total manganese. The first set of regression equations, derived
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using the small basin data, is applicable to unmonitored basins from 15 to 600
acres and for effective impervious areas from 15 to 90 percent. The results
of the regression analysis of the small basin data are presented in table 5.
The second set of regression equations, derived using the combined small and
tributary basins, is applicable to unmonitored basins from 600 to 16,000 acres
and for effective impervious areas from 15 to 90 percent. The combined small
and tributary basin regression equations are presented in table 6.

Several applications were demonstrated for DRzM-II, DR3M-QUAL, and the
statistical models. DR3M-II and Log Pearson-Type III analysis (Interagency
Advisory Committee on Water Data, 1981) were used to estimate the mean
seasonal peak flows from the North Avenue, Southglenn, Cherry Knolls,
Northglenn, and Villa Italia basins (table 7). The estimated mean seasonal
peak flows were obtained by using 5-minute incremental rainfall data for the
three to five storms per year that would produce the greatest runoff peaks;
rainfall data were obtained from the National Weather Service's Stapleton
Airport weather station for 1898 through 1970. DR3M-II also was applied,
using hourly rainfall data from Stapleton Airport weather station for 1951-70,
to estimate the mean seasonal runoff volumes from the same basins. DR3M-QUAL
was used to estimate the mean seasonal storm-runoff constituent loads from the
North Avenue, Cherry Knolls, Northglenn, and Villa Italia basins (table 8).
The rainfall data used were the same as those used to estimate the mean
seasonal storm-runoff volume.

An application of the small-basin regression models was to estimate the
water quality associated with atmospheric deposition. The regression
equations were used to estimate the 1981 seasonal runoff loads of selected
constituents, which were compared with the measured atmospheric deposition
loads in the basins. The results indicated that chemical oxygen demand, total
nitrogen, and total phosphorus are associated with atmospheric deposition.
Total nitrogen was associated with both wet and dry deposition, and chemical
oxygen demand and total phosphorus were associated with dry deposition. The
constituent loads of total suspended solids, total lead, total manganese, and
total zinc were much larger in the estimated runoff loads than in the combined
wet and dry deposition. The results indicated that the atmospheric collectors
do not measure the transport mechanism of certain constituents, such as
solids and trace elements.

A comparison was made between the estimation of mean seasonal storm-
runoff volumes and constituent loads from the deterministic and regression
models (table 8). The regression equations used to determine the runoff
volumes and constituent loads were a basin-specific model. The results for
the Villa 1Italia basin differed by as much as 400 percent, and the
deterministic model estimations were closest to the most probable results.
Because deterministic models require extensive basin data and the use of
computers, the regression models probably are the most suitable for use in
unmonitored basins where the results would be used for planning purposes.
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Table 7.--Mean seasonal rainfall~runoff peak flows derived from the
Distributed Routing Rainfall-Runoff Model--Version II (DRsM-II)
for the small basins

[Peak flows in cubic feet per second]

Basin
North South- Cherry North- Villa
Avenue glenn Knolls glenn Italia
51 24 19 68 73

The effects of urban runoff on the South Platte River in the Denver area
were described in three ways. The first was to compare selected constituent
concentrations during dry-weather flow with event mean concentrations during
storm runoff. The constituents that had larger event mean concentrations
during storm runoff than during dry-weather flow were total suspended solids,
total organic carbon, total iron, dissolved iron, total manganese, total lead,
and total zinc. The constituents that had larger concentrations during dry-
weather flow than the storm runoff event mean concentrations were total
nitrite as nitrogen, total nitrate as nitrogen, and dissolved manganese. The
constituents that had about the same concentrations in both dry-weather and
storm-runoff flows were total nitrogen, total ammonia as nitrogen, total
phosphorus, total cadmium, and total copper.

The second method used to describe the effects of urban runoff on the
South Platte River was to compare the percent exceedence of water-quality
standards for the dry-weather flow and storm-runoff periods. The constituents
that exceeded the standards more than 50 percent of the time during dry-
weather flow were total copper, total iron, total manganese, and dissolved
manganese. The constituents whose storm runoff event mean concentrations
exceeded the standards more than 50 percent of the time were total cadmium,
total copper, total iron, total manganese, dissolved manganese, total lead,
and total zinc. An analysis of these data indicates that an opportunity
exists to improve the stream quality of the South Platte River by reducing the
loads of total lead and total zinc in storm runoff.

The third method used to describe the effects of urban runoff on the
South Platte River was to compare the selected constituent loads in the base
flow, storm runoff, and point sources (secondary-treated effluents). Most of
the point-source load originating in the study area is discharged to the South
Platte River downstream from the lower study reach of the river; therefore,
two comparisons of loads were made. The first comparison was with the loads
that were in the river at the downstream end of the study area and the second
was with the loads that originated in the study area.
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Analysis of the constituent loads at the downstream end of the study area
(South Platte River at 50th Avenue at Denver) indicated that point sources
were the major contributors of total nitrogen and total phosphorus and were
significant contributors of total organic carbon. Storm runoff was the major
contributor of total suspended solids, total organic carbon, and total Tead,
and was a significant contributor of total zinc. Base flow was the major con-
tributor of flow volume and total zinc, and was a significant contributor
of total organic carbon, total nitrogen, and total lead.

Analysis of the estimated total basin loads indicated that point sources
were the major contributors of flow volume, total organic carbon, total
nitrogen, and total phosphorus, and were significant contributors of total
zinc. Storm runoff was the major contributor of total suspended solids and
total 1lead. Base flow was the major contributor of total zinc and a
significant contributor of flow volume and total lead.

URBAN RUNOFF TOPICS REQUIRING FURTHER STUDY

Several urban runoff topics have been identified by DRURP as requiring
further study. These topics comprise both physical processes of urban runoff
and institutional processes. The physical processes of urban runoff that need
further study are the accumulation, washoff, and transport of constituents,
the effects of urban runoff on the receiving waters, the ultimate fate of
toxic substances 1in urban runoff, physiographic features, air quality, and
man's activities. The institutional processes that need further study are the
citizens' perception of urban runoff, citizens' acceptance of Tlitter control
ordinances to improve the quality of urban runoff, developers' acceptance of
zoning ordinances, and requirements for detention ponds or percolation pits to
improve the water-quality of urban runoff.

The physical processes controlling constituent accumulation, washoff, and
transport are not well understood. The current deterministic models apply
simplistic equations for these processes that do not accurately describe the
processes. Several well-designed and carefully run experiments need to be
made on small impervious plots and need to include: (1) Climatological and
air-quality data, (2) measurement of constituent accumulation, (3) determina-
tion of the effects of raindrop size, rainfall intensity, and depth and
velocity of flow over impervious surfaces on washoff loads. Mustard and
others (1985) described a limited investigation of urban processes that was
partly able to describe the factors affecting urban runoff. Researchers need
to use the available knowledge, carefully design their experiments, focus on
specific processes, and share their results on a timely basis with other
researchers in the urban runoff field.

Constituents in urban runoff have been accumulating in the bottom sedi-
ments of the Nation's receiving waters for many years. It has been shown that
accumulation of toxic substances 1in bottom sediments is correlated with
industrial growth, the advent of the automobile, and the growth in the use of
organic substances (David Galvin, Municipality of Metropolitan Seattle, Wash.,
oral commun., 1983). Studies by DRURP have shown that there is accumulation
of trace elements and nutrients in the South Platte River downstream from
major-storm drain outfalls. The Tlong-term effects of these accumulated
substances in receiving waters are not fully understood. It is possible that
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accumulation of toxic substances and nutrients is already at a level suffi-
cient to inhibit the cleanup of the receiving waters for several years, even
if the incoming urban runoff no Tonger contains these substances. Therefore,
an investigation is needed of the Tong-term effect these accumulated sub-
stances will have on the ecosystem.

The ultimate fate of toxic substances that originate in the urban runoff
and enter the receiving waters has not been fully investigated. The usual
method to determine if toxic substances are in the receiving waters is to
analyze the water column. Most of the toxic substances are only slightly
soluble in water; thus, the largest concentration of the substances is in the
sediments. S. A. Rice (Mote Marine Laboratory, Tampa, Fla., oral commun.,
1983) successfully raised several species of aquatic life, such as shrimp,
minnows, and crabs, in urban runoff with no noticeable adverse effects. David
Galvin (Municipality of Metropolitan Seattle, Wash., oral commun., 1983)
reported that toxic substances (mainly trace elements and organic compounds),
which originated from urban runoff, are accumulating in the bottom sediments
of Lake Washington and ETliot Bay, Wash. Galvin also reported a correlation
between carcinogenic growth in bottom fish and Tlarge concentrations of toxic
substances in the bottom sediments. Galvin further stated that aquatic life
seems to be chemically altering the organic substances in their digestive
processes. Therefore, although aquatic 1ife may be raised in urban runoff,
there is strong evidence that the toxic substances in urban runoff are making
their way up the aquatic food chain. Further research, therefore, is needed
to determine the ultimate fate of toxic substances originating in urban
runoff.

The effects of physiographic features, air quality, and man's activities
on urban runoff have received little attention in the past. Physiographic
features of a basin in the Denver area have been shown to be an important
factor in the amount of rainfall that a basin receives. The placement of
large effective impervious areas could be important in the overall urban
runoff quantity and quality. The DRURP has shown how the quality of rainfall,
a surrogate for air quality, affects the loads of nutrients that are washed
from a basin by urban runoff. Therefore, the location of a basin in relation
to physiographic features and whether or not the basin is downwind from a
source of atmospheric emissions may be important in the overall quantity and
quality of the urban runoff from the basin. Samuel Martin (Baltimore Regional
Planning Council, Md., oral commun., 1983) has shown that similar single-
family housing areas with different litter practices have a vastly different
urban runoff quality. Martin also stated that while effective impervious area
is important in storm-runoff quantity, the activities of man are more impor-
tant in determining the urban runoff quality. Further studies are needed to
quantify the effects of physiographic features, air quality, and man's activi-
ties on the quantity and quality of urban runoff.

Institutional processes are as important as physical processes in under-
standing the total impact of urban runoff on the ecosystem. Advancement in
the control of wurban runoff is more difficult without citizen support.
Studies need to be made to determine how the public perceives urban runoff--is
it a recognized problem? These studies need to focus on whether or not the
public would support ordinances requiring litter control, the construction of
detention ponds and percolation pits, and the use of zoning to improve urban
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runoff quality. Studies need to focus on the developers' support of water-
quality enhancement. The Tlocal governments usually are the agencies that
write and enforce ordinances; therefore, without their support, which is drawn
from the citizens and business community, urban runoff controls will not be
enacted or supported.
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